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Abstract. By 2050, according to the conclusion of the European Commission, the amount of solar panels 
waste will reach 78 million tons. 85% of all solar panels produced today belong to polycrystalline solar 
panels. The subject of this paper is the polymer components of polycrystalline solar panels EVA (ethyl 
vinyl acetate) and Tedlar® (polyvinyl fluoride). The paper reflects studies to determine the chemical 
composition of impurities of the solar panel components, and the degree of impurities influence on the 
toxicity of polymer components. 
1 Introduction  
Due to PV modules versatility, simplicity of installation 
and great respect for the environment, solar photovoltaic 
(PV) technology is positioned as one of the main sources 
of renewable energy with more installed electrical power 
both worldwide and in Europe. Currently, the 
International Renewable Energy Agency (IRENA) 
establishes that the world PV power installed in 2017 is 
385 GW, where 28.46% belongs to Europe, when in 
2000 only 815 MW were available and in 2010 39 MW. 
It is also considered a fast growing market, where 
according to different future scenarios, it is expected that 
in the year 2050 the PV will contribute from 2.5% to 
25% of the global electricity demand [1]. 
Although PV technology is the most environmentally 
friendly technology of all energy and electricity 
generation technologies and one of the most popular 
sources of renewable energy, PV modules have a useful 
lifespan of approximately 30 years. [2]. 
With the enormous growth in the development and 
utilization of solar-energy resources, the proliferation of 
waste solar panels has become problematic. In addition, 
we have very little information on the PV-waste toxicity, 
low biodegradability and the huge landfill areas required 
[3]. 
Taking into account the proportion of elements that 
make up a PV module and that in 2017 the PV power 
installed in Europe was 109.48 GW, it is expected that 
by 2042 there may be around 10 million tons of 
crystalline silicon photovoltaic waste only in Europe; 7 
million tons of glass, 977 thousand tons of aluminum, 
962 thousand tons of polymers, 54 thousand tons of 
copper, 474 tons of silver, 11 thousand tons of tin, 11 
tons of Zinc, 317 thousand tons of Silicon and 56 
thousand tons of lead. [4]. 
In July 2012, the European Union formally revised 
the Waste Electrical and Electronic Equipment (WEEE) 
Directive, adding photovoltaic components as rejected 
electronic devices to be included in ten WEEE 
categories. Photovoltaic solar cells are now included in 
the electronic waste management system and must be 
collected and recycled [5]. 
2 Materials and methods  
2.1 Qualitative Analysis of PV-panels Polymer 
Components 
Qualitative analysis of the samples was carried out on a 
wave-dispersive X-ray fluorescence spectrometer 
SPECTROSKAN MAX after which the spectra were 
analyzed using the "Spectrum-Kvant" software. 
Wave-dispersive X-ray fluorescence spectrometry 
allows you to determine the presence in a sample of a 
specific element or group of elements. Most often, it is 
supposed to search for foreign elements and impurities 
that should not be part of the sample. 
In addition, wave-dispersive X-ray fluorescence 
spectrometry can detect a wide variety of items, even 
multiple items at the same time. This method is non-
destructive, fast, highly effective and environmentally 
friendly. Also it can be used with various types of 
samples such as bulk, liquid, powder and gas. [6,7]. 
For devices with an evacuated spectrometric 
chamber, 4 different types of crystals are used - LiF200, 
C002, PET, KAP (or RAP). From the point of view of 
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qualitative analysis, they differ in the range of the 
recorded wavelengths and, accordingly, the determined 
elements. Table 1 shows the main elements that can be 
identified on each of the crystals[14]. 
Table 1. Identification of the main elements by X-ray 
fluorescence spectrometer. 
Crystal Determined elements 
LiF200  K-series: Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Br, 
Rb, Sr, Zr, Nb, Mo, Ga, Ge, Se, Sc, Nd, Ag, Cd, Sn, 
Sb, Cs, Pd  
L-series: Y, Ba, La, Ce, Pr, Sm, Eu, Gd, Tb, Dy, 
Ho, Er, Tm, Yb, Lu, Hf, Ta, W, Re, Os, Ir, Pt, Au, 
Hg, Tl, Pb, Bi, Th, Pa, Te, I, U  
C002  K-series: S, Cl, Ar, K, Ca  
L-series: Ru, Rh, Pd, Ag, Cd, In, Sn, Sb, Te, I, Cs, 
Mo  
PET K-series: Si, P  
L-series: Zr, Nb  
KAP  K-series: Na, Mg, Al, Si  
In our work to determine impurities of PV-panes 
polymeric waste we used LiF200 and C002 crystals. 
2.2 The chemotactic biotesting method 
A biotest analysis was chosen as a method for 
determining the toxicity degree of polymeric materials, 
as the one of the main methods for detecting 
environmental toxicity using test objects that shows 
danger, regardless of which substances and in what 
combinations changes in vital functions were caused test 
- organisms. [8]. 
For biotestesting we can use different test objects. In 
this study, Paramecium caudatum was chosen as a test 
object because are very close to higher animals and 
humans, which makes it possible to extrapolate data 
obtained in biotesting using ciliates per person [9-11]. 
The method for determining the toxicity of samples 
is based on the ability of test objects to respond to the 
presence of substances that are dangerous for their life 
activity in samples and to move directionally along the 
concentration gradient (in the direction of changing 
concentrations) of these substances (chemotactic 
reaction), avoiding their harmful effects [11]. 
If the test sample does not contain toxic substances, 
in the cuvette there will be a concentration of ciliates in 
the upper zone. The presence of toxic substances in the 
test sample leads to a different character of the 
redistribution of ciliates in the cuvette, namely: the 
higher the toxicity of the sample, the smaller the 
proportion of ciliates moves to the upper zone (the test 
sample). The biotest chemotactic technique is presented 
in Figure 1 [12]. 
 
Fig. 1. Biotest chemotactic technique:1 - harmless sample; 2,3 
- a sample of moderate toxicity; 4 - toxic test. 
The toxic effect is a significant difference in the 
number of ciliates cells observed in the upper zone of the 
cuvette in the sample containing no toxic substances 
(control), compared with this indicator observed in the 
test sample (experiment). 
A quantitative assessment of the test - reaction 
parameter characterizing the toxic effect is made by 
calculating the ratio of the number of ciliates cells 
observed in the control and the studied samples, and is 
expressed as a dimensionless quantity - the toxicity 
index (T) [13]. 
3 Research  
To determine the chemical composition of impurities of 
the solar panel components and its effect on the toxicity 
level of components sample preparation was carried out 
by the method of mechanical separation of the 
polycrystalline solar panels components. Disassembly 
includes the separation of the aluminum frame, cables, 
rear part and connection box of the PV sandwich panel, 
which is composed of polymers, semiconductor and 
glass. For disassembly, electric tools, heat guns, general-
purpose tools (screwdrivers, cutters, mallets, etc.) and 
personal protective equipment (gloves, masks, protective 
visor for electric grinder and protective glasses) were 
used. 
 
Fig. 2. Samples of waste polymer components EVA and 
Tedlar® of polycrystalline solar panels. 
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3.1 Determination of impurities of waste 
polymer components EVA and Tedlar 
In the work, analysis of the chemical composition of 
impurities was carried out in accordance with Qualitative 
Analysis Guide by Company "NPO" SPECTRON 
"(2017) [14]. 
The obtained samples (weighing 10 grams each) 
were analyzed on an X-ray fluorescence spectrometer 
SPECTROSKAN MAX using LiF200 and C002 
crystals. 
The results are presented in fig. 3 and 4. 
 
Fig. 3. Determination of impurities of waste polymer 
components EVA and Tedlar® of polycrystalline solar panels. 
Crystal LiF200 (green line is a control). 
 
Fig. 4. Determination of impurities of waste polymer 
components EVA and Tedlar® of polycrystalline solar panels. 
Crystal C002 (green line is a control). 
As can be seen from the spectrograms, polymer 
samples taken from the waste of solar panels contain 
impurities of Ti, Ca, Ag, Pd, As, Cl, S, Pb, Zn Cu, Ni, 
Fe. The last five elements are heavy metals. 
According to GOST 17.4.1.02-83 for pollution 
control, 3 hazard classes of heavy metals and metalloids 
were identified: high-, moderate and low-hazard but 
most of the elements have not yet been assigned a hazard 
class [15]. 
Table 2. Hazard degree of heavy metals and metalloids. 
Danger degree  Elements 
High  As, Cd, Hg, Se, Pb, Zn 
Moderate Co, Ni, Mo, Cu, Cr, Sb 
Small  Ba, V, W, Mn, Sr 
Unknown  Ge, Sn, Ce, La, Bi, Y, Rb, Cs, etc. 
In accordance with the above regulatory document, at 
least 5 elements have moderate and high toxicity classes. 
3.2 Determination of the toxicity index of the 
test samples 
To study the degree of toxicity of EVA and Tedlar® 
polymers, obtained samples (weighing 2 grams each) of 
the studied components were mixed with distilled water 
(volume 50 ml), after which the resulting solution was 
mixed for several hours on the apparatus for shaking the 
liquid. 
The concentration of ciliates in the cuvette was 
measured using the BIOTESTER 2M instrument, 
developed at the Department of Environmental 
Engineering at St. Petersburg Electrotechnical University 
“LETI”. The device is intended to measure the spectral 
transmittance caused by moving microorganisms. The 
principle of operation is based on the natural features of 
ciliates moving up. (If the medium is not toxic, then a 
large number of individuals will emerge; if there is a 
toxicant, so the more the substance is toxic, then the 
smaller the number of ciliates will come up). Each of the 
test samples was analyzed in 3 cuvettes, 10 readings of 
the BIOTESTER-2M instrument were taken from each 
cuvette. 
According to ERD F 16.3.16-10, to prevent gross 
errors during the analysis, the acceptability of the control 
sample was promptly evaluated according to the 
following inequality: 
 |𝐼𝑘𝑚𝑎𝑥 − 𝐼𝑘𝑚𝑖𝑛| ≤ 0,2𝐼𝑎𝑣.𝑘 (1) 
where Ikmax - maximum readings of the device for 
control samples, Ikmin - minimum readings of the device 
for control samples, Iav.k - average readings of the device 
for control samples [16-19]. 
Assessment of the toxicity of the sample was carried 
out by the relative difference in the number of ciliates in 
the upper zone of the cuvette in the control and analyzed 
sample. In accordance with PND F T 16.3.16-10 the 




∗ 𝐾, (2) 
where Iav.c – average readings of the device for control 
samples,  Iav.s. – average readings for the test samples, K 
– coefficient of dilution of the sample (factor). 
The toxicity index T is a dimensionless quantity and 
can take values from 0 to 1 in accordance with the 
degree of toxicity of the analyzed sample. 
According to ERD F 16.3.16-10, depending on the 
value of the index, samples are classified according to 
their toxicity into 3 groups: 
I. Acceptable toxicity (0.00 <T ≤ 0.40). 
II. Moderate toxicity (0.40 <T ≤ 0.70). 
III. High degree of toxicity (T> 0.70). 
When the toxicity index takes a value close to 1, then 
such a study cannot unambiguously characterize the true 
level of toxicity of the sample. Then, the test sample 
should be diluted with distilled water or Lozin-Lozinsky 
medium so that the value of T does not reach 1, and the 
resulting new index value is smart for the dilution 
coefficient. The sample is considered non-toxic, under 
the condition T ≤ 0.40 [16,20]. 
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The toxicity indices obtained as a result of mixing the 
solution with the test samples for 2 hours on the 
apparatus for shaking the liquid and the final values of 
the toxicity indices of the studied components presented 
are in Table 3. 
Table 3. Toxicity indices of the studied components of 






















EVA 1 0.012±0.001 
Acceptable,  
T ≤ 0.40 
Tedlar 1 0.029±0.002 
Acceptable, 
T ≤ 0.40 
To study toxicity in detail we use Paramecium 
caudatum, a series of experiments were carried out to 
determine the dependence of the change in the degree of 
toxicity on the dissolution time of the components. The 
following time intervals were considered as control time 
points: 24 hours, 48 hours, 96 hours and 7 days (168 
hours) - as the most used time intervals in methods for 
determining the toxicity of the environment using 
infusoria [16-20]. You can read more about these studies 
in a previously published the article [8].  
According to the research the toxicity indices 
increase if the polymer components are in significant 
time in solution, thereby approaching the value that 
characterizes the toxic environment. 
4 Conclusion 
In the course of the work, it was revealed that the 
polymer components waste of solar panels contains 12 
impurities of various elements, including 5 elements 
have moderate and high toxicity classes (As, Cd, Hg, Se, 
Pb, Zn, Co, Ni, Mo, Cu, Cr, Sb). 
The toxicity indices of EVA and Tedlar components 
increase with prolonged exposure of materials in 
aqueous solution, approaching the values characterizing 
the unsafe degree of toxicity for the environment and 
human health. Graphs reflecting the obtained 
dependence are built. These studies show the need to 
develop a methodology for the disposal and reuse of 
solar panel components, preventing possible negative 
consequences for the environment and human health. In 
the future, it is planned to carry out a quantitative 
elemental analysis of the samples and continue the study 
of the degree of toxicity of the components to reveal a 
more accurate dependence of the change in the degree of 
toxicity on time. 
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